Effects of different water levels on cotton growth and water use through drip irrigation in an arid region with saline ground water of Northwest China by Kang, YH et al.
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution
and sharing with colleagues.
Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.
In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information
regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:
http://www.elsevier.com/copyright
Author's personal copy
Agricultural Water Management 109 (2012) 117– 126
Contents lists available at SciVerse ScienceDirect
Agricultural  Water  Management
j ourna l ho me  page: www.elsev ier .com/ locate /agwat
Effects  of  different  water  levels  on  cotton  growth  and  water  use  through  drip
irrigation  in  an  arid  region  with  saline  ground  water  of  Northwest  China
Yaohu  Kanga,∗, Ruoshui  Wanga,b,  Shuqin  Wana,  Wei  Hua,  Shufang  Jianga, Shiping  Liua
a Key Laboratory of Water Cycle and Related Land Surface Processes, Institute of Geographic Science and Natural Resources Research, Chinese Academy of Sciences, 11 A Datun Road,
Anwai,  Beijing 100101, China
b Graduate University of Chinese Academy of Sciences, Beijing 100049, China
a  r  t  i  c  l  e  i  n  f  o
Article history:
Received 30 November 2011
Accepted 29 February 2012
Available online 22 March 2012
Key words:
Cotton yield
Drip irrigation
Irrigation schedule
Evapotranspiration
Northwest China
a  b  s  t  r  a  c  t
Due  to  the  mismanagement  of water  and  fertilizer  application,  cotton  cultivation  in Xinjiang  Northwest
China  is  faced  with  the  problems  of  soil  deterioration  and  groundwater  table  ascension.  This  study  was
conducted  to  evaluate  the  effects  of  different  levels  of  water  applied  through  drip irrigation  on  cotton  yield
and water  use  in  an arid  region  of  Northwest  China.  The  experiment  included  ﬁve  water  treatments  in
which  the soil  matric  potential  (SMP)  at a depth of  20 cm  was  controlled  higher  than  −10 kPa (S1), −20 kPa
(S2), −30 kPa  (S3), −40 kPa  (S4),  and  −50  kPa  (S5)  after  cotton  was  established.  The  results  revealed  that
the  highest  cotton  evapotranspiration  (ETc)  was  achieved  under  S1 (−10 kPa)  treatment  and  the  ETc, deep
percolation  and  the  ratio of deep  percolation  with  irrigation  water  all  increased  with  increasing  SMP
threshold.  After  three  years  experiment,  no salt accumulation  in  surface  soil  layer  was  found  under  our
irrigation  schedule.  The  highest  seed  cotton  yield  was  obtained  when  the  SMP  threshold  was  controlled
above  −30 kPa  in  2008,  and  −20 kPa  in 2009  and  2010.  Moreover,  the  highest  yield obtained  after  3  years
was  42%  higher  than  the  average  yield  achieved  by  local  farmers  in the  area.  Additionally,  the water  use
value (WUE  and  IWUE)  tended  to  increase  as the  SMP  threshold  decreased  in  2009  and  2010.  Considering
the  cotton  yield  and  the  impact  of irrigation  on the underground  water  table,  an  SMP  higher than  −20  kPa
at 20 cm  can  be used  as  an indicator  for  cotton  drip  irrigation  scheduling  and  agronomic  practices  in  this
area to help  alleviate  the dangerous  increase  in the water  table  while  increasing  the  cotton  seed  yield.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction
Drip irrigation distributes water uniformly while controlling
the amount of water applied precisely, thereby reducing evapo-
ration and deep percolation (Goldberg et al., 1976; Elfving, 1982;
Batchelor et al., 1996). Accordingly, this method has been widely
applied for cultivation of commercial crops in many countries. In
this type of irrigation method, the volume of soil wetted at a partic-
ular water application is controlled by the volume of water added,
the discharge rate of the dripper and the soil water content (Aujla
et al., 2005). Thus the method is best suited to semi-arid and arid
areas where water is scarce, and where low water consuming high
value crops can be grown.
In Xinjiang, which is an arid region of Northwest China, drip irri-
gation has been applied to the cultivation of cotton on a large-scale
for decades. Moreover, the planting area using drip irrigation has
been increasing annually (Xu et al., 2003). Because drip irrigation
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applies water at a level that maximizes yield within the con-
straints of irrigation supply and the high value of cotton, increasing
numbers of farmers have been using this technique in Xinjiang.
However, due to the lack of guidance on the use of this modern
irrigation system, most farmers are not skilled in its application,
which has resulted in many problems in this ecologically fragile
region. Indeed, over-irrigation, poor scheduling of irrigation and
single large applications of nutrients lead to low use efﬁciency of
water and nutrients in this water-shortage area. Moreover, mis-
management of water and fertilizer application can result in salt
buildup in the soil-groundwater systems and deterioration of soil
quality (Darwish et al., 2005). Wang et al. (2008) investigated the
Fubei region of Xinjiang and found that the area of soil salt accumu-
lation was greater in irrigated than non-irrigated landscape types.
Speciﬁcally, they found that soil salt had increased by 40.04% from
1983 to 2005 in cropland at about 0.43 t ha−1 year−1, and that it
occurred concurrently with an increase in the groundwater table
of 1 m.  Han et al. (2011) investigated Karamay in Xinjiang and
found that the mean rise in the groundwater table from September
1997 to October 2009 was  6.9 m and the inﬁltration of irrigation
water accounted for over 90% of the total recharge of the ground-
water. Consequently, secondary soil salinity has threatened the
development of sustainable agriculture in Xinjiang in recent years.
0378-3774/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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Moreover, the cotton yield in most Xinjiang areas is relatively low
due to the mismanagement of water and fertilizer application,
despite the use of drip irrigation (Kong, 2010). Numerous cotton
irrigation studies have revealed that drip irrigation increased the
cotton yield by over 15% when compared with ﬂooding and furrow
irrigation (Wanjura et al., 2002; Ibragimov et al., 2007; Dag˘delen
et al., 2009; Ünlü et al., 2011).
Overall, these ﬁndings indicate that a proper drip irrigation
schedule during cotton cultivation is essential to prevent secondary
salinization and sustainable cotton production in the region. Nev-
ertheless, information regarding the drip irrigation schedule and
water management for cotton cultivation in this region is lim-
ited. Recently, a research group from the Institute of Geographic
Sciences and Natural Resources Research, Chinese Academy of
Sciences (IGSNRR, CAS) successfully established a drip irrigation
schedule by controlling the soil matric potential (SMP) at a depth
of 20 cm immediately under the emitter in the North China Plain,
middle of the Hetao Plain and the coastal Zone of Tianjin for vari-
ous crops and soil conditions (Yuan et al., 2001; Kang et al., 2004;
Wan  et al., 2007; Wan  et al., 2010). Kang and Wan  (2005) found
an SMP  of −35 kPa at a depth of 20 cm immediately under a drip
emitter which could be used as an indicator for radish drip irrigation
scheduling in the North China Plain. Chen et al. (2009) reported that
saline water could be applied to irrigate oleic sunﬂower using drip
irrigation when the soil matric potential 20 cm directly under the
drip emitter was kept above −20 kPa and the beds were mulched
in a semi-humid area. Jiao et al. (2006) demonstrated that the SMP
of −10 kPa at a depth of 20 cm immediately under a drip emitter
can be used as an indicator for corn drip irrigation scheduling on
saline soil in the semi-arid areas of Northwest China within the
ﬁrst two years. Irrigation should be managed according to the soil
type, climatic factors and crop requirements (Darwish et al., 2005).
The environmental conditions in Xinjiang, where the climates are
extremely dry, are quite different from those in the areas men-
tioned above. Therefore, it is necessary to investigate drip irrigation
management for cotton cultivation in the Xinjiang region.
The objectives of this study were: (1) to evaluate the impact of
different SMP  thresholds under drip irrigation on seasonal cotton
evapotranspiration (ET) and the amount of deep percolation in the
Xinjiang area; (2) to measure the effect of different SMP  thresh-
olds under drip irrigation on cotton growth and water use; and (3)
to deﬁne the basis for irrigation scheduling of drip-irrigation cot-
ton and water resource planning in the arid region of Northwest
China.
2. Materials and methods
2.1. Experimental site
Field experiments were conducted from 2008 to 2010 at Kara-
may  Farm (latitude: 45◦22′N, longitude: 84◦50′E, 350 m a.s.l.),
which is located in the middle of the Jungger Basin in Xinjiang
Province, northwest China. The study area has a typical inland arid
climate, with an annual precipitation of about 105 mm,  most of
which occurs from June to August. The average annual temperature
in the study area is about 8.0 ◦C and the accumulated temperature
above 10 ◦C is 4000 ◦C (Wang et al., 2007). The average groundwater
table depth in the area is about 3.5 m and the electrical conductivity
(ECw) of the water is about 20 dS/m. The irrigation water pumped
from the reservoir in the west suburbs of Karamay has an electrical
conductivity (ECw) of 0.3 dS/m. The relatively shallow groundwa-
ter table and brackish underground water necessitate judicious use
of irrigation water to prevent high percolation and a subsequent
increase in the water table and secondary salinization. The average
ECe (electrical conductivity of saturated-soil extract) at a depth of
30 cm is 4 dS/m (Table 1), which is less than the threshold of cotton
salt tolerance of 7.7 dS/m (Maas and Hoffman, 1977), but still mod-
erately salt-affected. The ﬁeld capacity and wilting point in 0–30 cm
soil depth for the experimental soil were 0.33 cm3 cm−3 (−17 kPa)
and 0.17 cm3 cm−3 (−1.7 MPa), respectively. The soil texture, soil
bulk density and ECe for each soil layer are shown in Table 1.
2.2. Experimental design
2.2.1. Plot layout, irrigation water management
The most common layout applied by farmers during cotton
planting in this region is the double lateral layout (two laterals con-
trol four rows). Generally, a transparent ﬁlm with a width of 140 cm
covers four rows, and cotton crops are planted with row spacing of
20 cm + 40 cm + 20 cm.  Two  drip lines are laid in narrow rows under
each ﬁlm sheet (Fig. 1). There were ﬁve treatments according to
the soil matric potential (SMP) in which the SMP  at 20 cm immedi-
ately under the emitter was  controlled at higher than −10 kPa (S1),
−20 kPa (S2), −30 kPa (S3), −40 kPa (S4) and −50 kPa (S5). The ﬁve
treatments were replicated three times in 15 plots that each con-
sisted of 24 rows of cotton planted straight on a ﬂat ﬁeld from 2008
to 2010 (Fig. 1). Each ﬁlm sheet was  1.4 m wide and 3.8 m long.
Therefore, each plot was 8.4 m × 3.8 m.  The plots were laid out in a
completely randomized block design, and the position and location
of the beds were kept the same throughout the 3 years of the study.
Each treatment was an independent unit of gravity drip irriga-
tion system. The system consisted of a tank (1000 L) and several
drip tubes (twelve laterals). The tank was installed at 1 m above
the ground to contain irrigation water. The drip tube had emitter
intervals of 0.2 m and a discharge rate of 2.7 L h−1 at an operating
pressure of 10 m.  Irrigation was  applied as soon as the potential
neared the target value of SMP  for each treatment and the amount
of applied water was 10.4 mm (one tank of water) at each time,
except during the seeding stage, when more water was required.
At the beginning of the irrigation season each year, the same
amount of water (41.6 mm)  was  applied to all treatments to assure
that uniform seed germination and seedling are established. Thus
the total applied water (irrigation plus rainfall) during seedling
stage was 45.3 mm,  46.2 mm and 71.0 mm in 2008, 2009 and 2010,
Table 1
Basic properties and ECe of initial soil proﬁle before the experiment began.
Soil layers Soil mechanical composition (%) Soil texture Soil bulk density (g/cm3) ECe (dS/m)
<0.002 mm 0.002–0.05 mm 0.05–2 mm
0–30 1.44 76.49 22.08 Silt loam 1.42 4.00
30–60  0.99 85.97 13.04 Silt 1.45 4.14
60–90  1.20 86.89 11.91 Silt 1.43 2.70
90–120  0.88 99.12 0.00 Silt 1.52 2.52
120–180  0.63 96.43 2.95 Silt 1.51 2.40
180–210  0.38 99.62 0.00 Silt 1.47 2.46
210–240  0.17 99.83 0.00 Silt 1.77 6.38
240–270  0.56 92.63 6.81 Silt 1.70 10.10
270–300  1.58 98.42 0.00 Silt 1.71 9.34
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Fig. 1. Layout of drip lines and position of the tensiometer and soil samples.
respectively. The seedlings were thinned and irrigation treatments
began on 17 June 2008 (15 days after seeding), 2 June 2009 (22 days
after seeding), and 5 June 2010 (27 days after seeding). Irrigation
was stopped in the bolls stage (ﬁrst opening of the bolls) to allow the
bolls to open and the dates of irrigation ceasing were 27 September
2008, 2 September 2009 and 1 September 2010. One vacuum gage
tensiometer was installed 20 cm directly underneath one emitter
within the plot for each treatment (Fig. 1). The tensiometers were
observed three times a day (at 8:00, 12:00, and 18:00 h).
2.2.2. Plant management and measurement
Seeds of the cotton (Gossypium hirsutum L.) hybrid Xinluzhong
No. 26 were sown and the rows were 0.2 m apart for narrow rows
and 0.4 m apart for wide rows (Fig. 1). Within a row, the seeds were
sown 10 cm apart. Thinning occurred on the 15th, 20th and 21st
days after seeding in 2008, 2009 and 2010, respectively. The soil
was mulched with white polyethylene sheets following sowing.
At the time of plowing, a basal dose of 450 kg/ha of a compound
fertilizer (monoammonium phosphate: 16% N, 35% P2O5, 8% K2O)
and 150 kg/ha of potassic fertilizer (potassium sulfate, 60% K2O)
was uniformly applied to the plots from 2008 to 2010. The dressing
was supplemented with urea (46% N) and compound fertilizer (5%
N, 15% P2O5, 5% K2O) and it was applied by mixing with irrigation
water at a concentration of 30% (w/w). Every time the irrigation was
applied, 0.30 L urea and compound fertilizer solution were added
in the tank.
In 2008, 2009 and 2010, harvest was started on 27 October, 2
October and 27 September, ﬁnished on 15 December, 20 November
and 18 November, and the total harvest period lasted 49, 48 and 52
days, respectively. The ﬁnal emergence percentage was  measured
from 2008 to 2010 on the thinning day for each plot and calculated
based on the number of hills. The seed cotton was picked by hand at
4–7 day intervals and the total weight per plot was  checked at each
harvest time. Three plants were randomly selected and sampled in
each plot for the plant height, leaf area index (LAI), stem diameter,
total boll number per plant, seed cotton weight per boll, and fresh
and dry biomass in 2009 and 2010.
2.2.3. Soil salinity in surface soil layer
Soil samples were obtained on soil cores from each plot with
an auger (2.0 cm in diameter and 15 cm high) on 12 May  (before
seeding) in 2008, 10 September (irrigation ceased) in 2009, and on
13 September (irrigation ceased) in 2010. The horizontal distances
of sampling points to drip emitters were 0 and 28 cm to the inner
side while 42 cm to the outer side (Fig. 1). All the sample depths
were the same, being 0–10, 10–20, 20–30 and 30–40 cm.  The three
replicate soil samples were mixed into one sample per treatment
for analyzing the soil salinity.
All soil samples were air-dried and sieved through a 1 mm sieve.
Soluble salt estimates were based on extracts of saturated soil. The
ECe values were determined using a conductivity meter (DDS-11A,
REX, Shanghai).
2.2.4. Deep percolation
It has been reported that 85% of cotton roots were distributed in
the top 30 cm of soil under mulched drip irrigation (Hu et al., 2009),
which was also observed in the present study. Thus, the 80 cm layer
is considered to be the depth at which water ﬂows into or out of
the root zone. The soil samples used to measure the water content
were obtained using an auger (2.0 cm in diameter and 15 cm high)
and the horizontal distances of sampling points to drip emitters
were 0 and 28 cm to the inner side and 42 cm to the outer side at
depths of 0–10, 10–20, 20–30, 30–40, 40–50, 50–60, 60–70, 70–80,
and 80–90 cm (Fig. 1). The water contents were measured by the
gravimetric method at 20–25 day intervals during the cotton grow-
ing season in 2009 and 2010. The soil water ﬂuxes (q) at a depth of
80 cm were determined using the Darcy equation:
q = −K()
(
dϕ
dz
+ 1
)
= −K()
(
ϕ90 − ϕ70
z90 − z70
+ 1
)
(1)
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where K() is the unsaturated hydraulic conductivity, ϕ70 is the
soil matric potential at 70 cm,  and ϕ90 is the soil matric potential
at 90 cm.  The water potential at 70 and 90 cm was calculated using
the characteristic curve of water content versus water potential,
z70 = 70 cm,  z90 = 90 cm.  K() was determined from the unsaturated
hydraulic conductivity function for that depth.
The characteristic curve of water content versus water potential
at 60–90 cm for this soil is:
ϕ = 2.719
(

0.56
)−3.5
(2)
K() was estimated by:
K() = Ks
(

s
)m
(3)
where Ks is the saturated hydraulic conductivity, s is the satu-
rated water content, which was 15 mm day−1 and 0.56 m3 m−3 at
60–90 cm for this soil, respectively, and m is an empirical coefﬁ-
cient, which was 9.4 at 60–90 cm depth.
Soil water ﬂuxes were calculated using Eqs. (1)–(3) in the 70–90-
cm depth interval from the water content data obtained at 0, 28 and
42 cm from the drip emitter and a spatial average soil water ﬂux (q)
is estimated by:
q = q0 × 35 + q28 × 14 + q42 × 21
70
(4)
where q0, q28 and q42 are the soil water ﬂuxes in the distance to
drip emitters of 0, 28 and 42 cm.
In 2009 and 2010, the water content was measured for ﬁve and
six times, respectively. Thus the total amount of deep percolation
during growing season was calculated by:
D2009 =
∑
i=1,2,3,4
Ti(qi + qi+1)
2
(5)
D2010 =
∑
i=1,2,3,4,5
Ti(qi + qi+1)
2
(6)
where D is the total amount of seasonal deep percolation and Ti
denotes the period between the two adjacent times for water con-
tent measuring.
2.2.5. Cotton evapotranspiration (ETc) and water use
The total ETc for the entire period for each treatment was esti-
mated using the water balance method as follows:
ETc = I + P ± S  − R − D (7)
where I is the irrigation amount; P is the precipitation; S  is the
change of soil water storage; R is the surface runoff; and D is the
downward ﬂux below the crop root zone.
To estimate S,  the soil water content of the soil proﬁle (down
to 90 cm)  was determined by gravimetric measurements at 20–25
day intervals during the cotton growing season in 2009 and 2010.
Because precipitation during the growing season was  low, surface
runoff was ignored.
Water use efﬁciency may  be calculated as units of seed cotton
yield per unit land area (Y, kg/ha) divided by units of water con-
sumed by cotton per unit land area (ET, mm)  to produce that yield,
or:
WUE  = Y
ET
(8)
Another key parameter for evaluating cropping system efﬁciency
is the irrigation water use efﬁciency (IWUE, kg ha−1 mm−1):
IWUE = Y
I
(9)
where Y is the seed cotton yield (kg/ha) and I is the irrigation water
applied (mm).
2.3. Statistical analysis
Analysis of variance (ANOVA) was conducted to evaluate the
effects of treatments on cotton growth. Duncan’s multiple range
tests were used to compare and rank the treatment means. Differ-
ences were considered signiﬁcant at P ≤ 0.05.
3. Results and discussion
3.1. Weather, irrigation and soil salinity
3.1.1. Weather
Table 2 shows the variations in weather during the cotton grow-
ing season from 2008 to 2010. The monthly temperatures from May
to August during these three years were similar; however, during
October and November the temperatures were lower in 2008 than
in 2009 and 2010. Total rainfall during the experimental period
was 70.8, 81.2 and 114.6 mm,  with 7, 6 and 9 effective rainfall
events (>5 mm),  and total effective rainfall amounts of 38.3, 50.7
and 78.2 mm in 2008, 2009 and 2010, respectively. Because there
were more rainfall events during the late growth stage in 2010, it
was relatively more humid than 2008 and 2009; however, the aver-
age relative humidity values during the other growth stages were
similar during the 3 years.
3.1.2. Irrigation
The total water applied (excluding rainfall) during seedling
stage for each treatment were 44.7 mm,  45.8 mm and 50.0 mm in
2008, 2009 and 2010, respectively. Because the seeding date was
delayed in 2008, the growing season was shorter than in 2009 and
2010. Therefore, the amount of irrigation water for each treatment
was less than in 2009 and 2010 (Table 3). Additionally, lower SMP
required less number of irrigation time (Table 3). The irrigation
intervals for S1, S2, S3, S4 and S5 treatments were about 1, 1.5,
2.5, 3 and 3.5 days for each year. Since the total rainfall during the
cotton growth stage was greater than in the former 2 years, less
irrigation water was applied in 2010 for each treatment. Moreover,
the rates of seasonal rainfall to the total irrigation water in 2010
were higher than those in 2008 and 2009. The average amount of
irrigation water applied by local farmers per cotton growing sea-
son was  about 760 mm,  which is even higher than the maximum
amount of irrigation water applied in the experiment.
3.1.3. Soil matric potential
Variations in the matric potential of soil 0.2 m underneath the
drip emitter for different treatments in 2008, 2009 and 2010 are
shown in Fig. 2. The SMP  value at a depth of 0.2 m was within the
threshold in most cases, and increased as the threshold increased.
Due to the higher evaporation, the temporal changes in SMP were
greater in the middle and late stages of the crop season than in
the early stages in 2009 and 2010. However, this phenomenon
was not observed in 2008 because of the delayed seeding date and
the temperature was  higher during the early growing stage when
compared with those in 2009 and 2010.
3.1.4. Surface soil salinity
As shown in Fig. 3, the average soil salinity at the depth of
0–40 cm before seeding in 2008 (12 May  2008) was  the same for
each treatment and was  moderately soil affected. After the irriga-
tion season in 2008, the salt in the surface soil layer was effectively
leached by irrigation water for S1 (−10 kPa), S2 (−20 kPa) and S3
(−30 kPa) treatment. Whereas for S4 (−40 kPa) and S5 (−50 kPa)
treatments, 11.9 and 26.3% more salts accumulated in the surface
Author's personal copy
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Table 2
Weather data during the cotton growing periods in 2008, 2009 and 2010.
Month Mean temperature (◦C) Relative humidity (%) Cumulative rainfall (mm/month)
2008 2009 2010 2008 2009 2010 2008 2009 2010
April 15.2 13.9 9.7 41.7 40.9 47.7 0.6 0.4 21.0
May  19.1 19.4 19.4 45.2 39.8 35.7 3.1 4.2 8.4
June  25.0 23.8 25.4 38.3 41.1 42.6 10.6 13.4 26.8
July 28.3 24.7 25.5 48.8 50.5 53.8 18.2 9.8 18.6
August 27.2 22.7 23.9 51.7 52.9 50.6 18.8 27.8 13.6
September 19.4 17.0 18.9 54.7 55.7 46.8 5.1 6.8 4.6
October 9.3 10.7 11.5 52.2 56.3 62.9 10.9 8.2 21.6
November −1.2 −1.0 – 69.1 75.0 – 3.5 10.6
Table 3
Irrigation and amount of water applied for each treatment during the cotton growing period in 2008, 2009 and 2010.
Years Treatments Irrigation times Water depth (mm)  Seasonal water depth relative
to  S1 treatment (%)
Seasonal amount of rainfall relative
to total irrigation water (%)
2008 S1 (−10 kPa) 50 523.0 100 9.7
S2  (−20 kPa) 47 491.5 94 10.3
S3  (−30 kPa) 46 481.0 92 10.5
S4  (−40 kPa) 41 428.5 82 11.8
S5  (−50 kPa) 40 418.0 80 12.1
2009 S1  (−10 kPa) 77 723.8 100 7.6
S2  (−20 kPa) 64 601.6 83 9.2
S3  (−30 kPa) 63 592.2 82 9.3
S4  (−40 kPa) 55 517.0 71 10.7
S5  (−50 kPa) 54 507.6 70 10.9
2010 S1  (−10 kPa) 69 647.0 100 10.4
S2  (−20 kPa) 64 597.8 92 11.3
S3  (−30 kPa) 48 450.8 70 15.0
S4  (−40 kPa) 47 443.0 68 15.2
S5  (−50 kPa) 44 411.6 64 16.4
The amount of water depth excludes the seasonal rainfall.
2008 
0
10
20
30
40
50
60
70
9386797265585144373023169
Day after sowing
S
o
il
 m
at
ri
c 
p
o
te
n
ti
al
 (
-k
P
a)
)
S1 (-10kPa) S3 (-30kPa) S5 (-50kPa)
0
10
20
30
40
50
60
70
104979083766962554841342720136
Day after sowing
S
o
il
 m
at
ri
c 
p
o
te
n
ti
al
 (
-k
P
a)
)
S1 (-10kPa) S3 (-30kPa) S5 (-50kPa)
2009 
0
10
20
30
40
50
60
70
10699928578716457504336292215
Day after sowing
S
o
il
 m
at
ri
c 
p
o
te
n
ti
al
 (
-k
P
a)
)
S1 (-10kPa) S3 (-30kPa) S5 (-50kPa)
2010 
Fig. 2. Changes of soil matric potential at 20 cm immediately under the emitters in each treatment in 2008, 2009 and 2010.
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Fig. 3. Variation of surface (0–40 cm) soil salinity for each treatment from 2008 to
2010.
soil compared with the initial value in 2008. In 2009, the ECe value
of 0–40 cm soil depth decreased by 38, 36, 16 and 13% for S1, S2, S3
and S4 treatments when compared with those in 2008 before seed-
ing, whereas for S5 treatment, the surface soil salinity increased
by 5%. During the irrigation season in 2010, salt leaching occurred
sequentially for each treatment and after the irrigation the surface
soil salinity for all the ﬁve treatments were lower than those of
the original value in 2008. Additionally, the average ECe value of
0–40 cm soil depth declined by 72, 37, 34, 11 and 8% for S1, S2,
S3, S4 and S5 treatments compared with the initial value. Accord-
ingly, cotton cultivation under our irrigation schedule could not
cause the salt accumulation in the surface soil layer and the most
effective irrigation schedule in salt leaching was S1 treatment.
3.2. Cotton evapotranspiration (ETc) and deep percolation
It is generally accepted that knowing how to regulate water con-
sumption is vital for preparing an irrigation schedule for crops. To
discover a general rule for cotton evapotranspiration under differ-
ent soil matric potential threshold controls in this area, the seasonal
ET value for cotton was calculated using the water balance equation
in this study. As shown in Table 4, the seasonal ET decreased with
decreasing soil matric potential threshold. This suggests that cot-
ton ET was affected by the threshold for the soil matric potential. A
lower soil matric potential would result in a reduction in ET, which
was also in accordance with other crops (Kang et al., 2004; Kang and
Wan, 2005). The highest ET value of 669 mm was obtained when the
soil matric potential was controlled above −10 kPa in 2009. This ET
value was in accordance with those found in other areas in which
the highest cotton ET values under drip irrigation were between
615 and 800 mm  (Cetin and Bilgel, 2002; Ertek and Kanber, 2003;
Aujla et al., 2005; Karam et al., 2006; Dag˘delen et al., 2009; Ünlü
ET2009 = -96.4Ln(SMP) + 896.9
R
2
 = 0.95**
ET2010 = -114.6Ln(SMP) + 913.0
R
2
 = 0.98**
400
500
600
700
6050403020100
Soil matric potential (-kPa)
E
T
c 
(m
m
)
2009
2010
Fig. 4. The relationship between the cotton evapotranspiration (ET) and soil matric
potential in 2009 and 2010 (*P ≤ 0.05; *P ≤ 0.01; ns, not signiﬁcant).
et al., 2011), and was still lower than that obtained under furrow
irrigation (Hunsaker et al., 1998). This may  have been due to the dif-
ferences in climate and agricultural practices in different regions.
The ET value of each treatment in 2009 was higher than those in
2010, which was due to more irrigation water being applied in the
former year (Table 3). As shown in Fig. 4, the seasonal ET was  sig-
niﬁcantly logarithmically correlated with the soil matric potential
threshold in 2009 and 2010.
It is crucial to control the irrigation water quantity under saline
ground water conditions to reduce the risk of further salt accumu-
lation and soil degradation. In this study, deep percolation during
the irrigation season was calculated for each treatment to eval-
uate the inﬂuence of irrigation water on the underground water
in this area. Similar to the variations in seasonal ET, the amount
of deep percolation declined as the soil matric potential threshold
decreased (Table 4) during both years. These ﬁndings imply that the
amount of deep percolation was  affected by the amount of irriga-
tion water, and a lower soil matric potential could therefore result
in a reduction in deep percolation. The amount of deep percolation
in 2010 was greater than that in the former year, despite less irri-
gation water was  being applied in 2010. This may have been due
to the higher precipitation in 2010, which resulted in their being
more water available for deep percolation. The largest amount of
deep percolation of 17.21 mm was achieved when the soil matric
potential was above −10 kPa in 2009. According to Han et al. (2011),
the mean increase in the water table every year in Karamay area
was 570 mm during the past 12 years. Thus the irrigation technique
of this study may  have less effect on the water table depth and sub-
stantially reduce the risk of secondary salinization in this area (Han
et al., 2011).
The proportion of the amount of deep percolation in the total
irrigation water for each treatment was  also small, ranging from
Table 4
Cotton evapotranspiration (ET) and deep percolation of each treatment in 2009 and 2010.
Years Treatments Seasonal ETc (mm)  Deep percolation (mm)  Irrigation water amount D/I (%)
2009 S1 (−10 kPa) 669.4 14.0 724 1.94
S2  (−20 kPa) 606.3 10.8 602 1.79
S3  (−30 kPa) 594.0 5.4 592 0.92
S4  (−40 kPa) 531.4 2.5 517 0.49
S5  (−50 kPa) 511.8 1.8 508 0.36
2010 S1  (−10 kPa) 640.3 17.2 647 2.66
S2  (−20 kPa) 588.9 12.1 598 2.03
S3  (−30 kPa) 517.4 7.2 451 1.60
S4  (−40 kPa) 486.5 3.6 443 0.81
S5  (−50 kPa) 463.2 1.7 412 0.41
The amount of irrigation water excludes the seasonal rainfall.
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D2009 = -8.20Ln(SMP) + 33.6
R
2
 = 0.96**
D2010 = -9.92Ln(SMP) + 40.7
R
2
 = 0.99**
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Fig. 5. The relationship between deep percolation (D) and soil matric potential in
2009 and 2010 (*P ≤ 0.05; **P ≤ 0.01; ns, not signiﬁcant).
D/I2009 = -1.1Ln(SMP) + 4.6
R
2
 = 0.89*
D/I2010 = -1.39Ln(SMP) + 6.0
R
2
 = 0.94**
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Fig. 6. The relationship between the ratios of the seasonal deep percolation (D) and
the  total irrigation water (I) and soil matric potential in 2009 and 2010 (*P ≤ 0.05;
**P  ≤ 0.01; ns, not signiﬁcant).
0.4% to 3.4% under our irrigation schedule. As shown in Fig. 6, the
ratio of deep percolation to total irrigation decreased as the soil
matric potential threshold decreased. These ﬁndings imply that
the application of more water can cause a higher proportion of
irrigation water to be subject to deep percolation. As shown in
Figs. 5 and 6, both the deep percolation and ratio of deep perco-
lation with irrigation water had logarithmic relationships with soil
I2008  = -0.0024SMP
2
 + 0.12SMP + 6.8    R
2
 = 0.24 ns
Y2008  = -0.0006SMP
2
 + 0.0061SMP + 4.1 R
2
 = 0.63 *
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Fig. 7. The relationship between seed cotton yield and water use with SMP  threshold
in  2008 (*P ≤ 0.05; **P  ≤ 0.01; ns, not signiﬁcant).
matric potential threshold in 2009 and 2010, which was  similar to
the ET value.
3.3. Cotton yield and water use
3.3.1. Cotton yield
Since the growing period was reduced due to the delayed seed-
ing date in 2008, the seed cotton yields in 2008 (Table 5) were lower
than the average seed cotton yield of 4.5 Mg/ha obtained by local
farmers in the study area. There were signiﬁcant differences among
the ﬁve soil matric potential (SMP) treatments in 2008. The high-
est yields were obtained when the SMP  threshold was controlled
above −30 kPa. The variation in seed cotton yields with SMP  thresh-
olds increased until reaching the critical value of −30 kPa, and then
declined (Fig. 7). These ﬁndings are similar to those reported by
Wanjura et al. (2002).
As shown in Table 5, the overall seed cotton yields in 2009 were
higher than those in 2008 and this difference varied from 26 to
88%. These differences may  have been due to the prolonged grow-
ing period in 2009. Because of the increased competition between
leaves and bolls for available assimilates, excessive irrigation water
can lead to delayed maturity and reduced number of open bolls
(Karam et al., 2006). This phenomenal was  conﬁrmed in this study.
In 2009, S1 treatment that was irrigated the most did not obtain
the highest yield. The highest yield was achieved when the SMP
threshold was  controlled above −20 kPa. In contrast, the seed cot-
ton yields ranged from 5.04 to 5.76 Mg/ha in 2009, which was
in accordance with the results reported for other regions under
drip irrigation (Plaut et al., 1988; Ibragimov et al., 2007; Hu et al.,
Table 5
Seed cotton yield, IWUE and WUE  of each SMP  treatment in 2008, 2009 and 2010.
Years Treatments Seed cotton yield (Mg/ha) IWUE (kg ha−1 mm−1) WUE  (kg ha−1 mm−1)
2008 S1 (−10 kPa) 4.0ab 7.7b -
S2  (−20 kPa) 4.0ab 8.1ab -
S3  (−30 kPa) 4.1a 9.6a -
S4  (−40 kPa) 2.7c 6.2c -
S5  (−50 kPa) 3.0b 8.4ab -
2009 S1 (−10 kPa) 5.4b 7.5d 8.1d
S2 (−20 kPa) 5.8a 9.6a 9.5b
S3 (−30 kPa) 5.2c 8.8b 8.8c
S4 (−40 kPa) 5.0d 9.8a 9.5b
S5 (−50 kPa) 5.1d 9.0c 10.9a
2010 S1 (−10 kPa) 5.9b 9.1d 9.2c
S2 (−20 kPa) 6.4a 10.7c 10.9b
S3 (−30 kPa) 5.6c 12.4a 10.8b
S4 (−40 kPa) 5.2d 11.8b 10.8b
S5 (−50 kPa) 5.2d 12.7a 11.3a
Values in a row followed by the same letter are not signiﬁcantly different at P ≤ 0.05.
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W2009 = 1.34Ln(SMP) + 4.9  R
2
 = 0.66*
I2009 = 0.99Ln(SMP) + 5.7    R
2
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Y2009 = -0.014SMP + 5.7  R
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Fig. 8. The relationship between seed cotton yield and water use with SMP  threshold
in  2009 (*P ≤ 0.05; **P ≤ 0.01; ns, not signiﬁcant).
2009; Dag˘delen et al., 2009) and higher than the average yield level
achieved by local farmers. ANOVA revealed that the SMP  threshold
had a signiﬁcant (P ≤ 0.05) effect on the seed cotton yield in 2009.
The variation in seed cotton yields decreased linearly as the SMP
thresholds decreased (Fig. 8).
Same as 2009, the highest seed cotton yields in 2010 were
obtained when the SMP  thresholds were above −20 kPa. The yields
in 2010 varied from 5.22 to 6.41 Mg  kg−1, which were still higher
than those in the former year, while the increasing rates of yield
were lower than those from 2008 to 2009, ranging from 3 to 9%.
Similar to 2009, the seed cotton yield decreased linearly as the SMP
threshold decreased in 2010 (Fig. 9). In this study of Xinjiang area,
the highest cotton yield was obtained when the amount of irri-
gated water was  around 600 mm.  This was different from those
in the Aegean region of Turkey and the Bekaa Valley of Lebanon
where the highest cotton yield obtained with the amount of irriga-
tion water of 708 mm and 549 mm (Dag˘delen et al., 2009; Karam
et al., 2006).
Overall, cotton plants under our irrigation schedule showed
higher yield than those subjected to conventional irrigation in the
study area. In addition, after the 3 years of yield increases, the high-
est yield was 42% higher than the average yield obtained by local
farmers.
3.3.2. Cotton water use efﬁciency
Water use and irrigation water use efﬁciencies (WUE, IWUE)
are listed in Table 6 for all years. Since the ET value was  not esti-
mated, there was no WUE  value in 2008. There were statistically
signiﬁcant differences between treatments (P ≤ 0.05) for each year.
In general, the WUE  values were higher than those of IWUE in all
W2010 = 1.12Ln(SMP) + 6.9   R
2
 = 0.79*
I2010 = 2.19Ln(SMP) + 4.2    R
2
 = 0.90*
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2
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Fig. 9. The relationship between seed cotton yield and water use with SMP  threshold
in  2010 (*P ≤ 0.05; **P ≤ 0.01; ns, not signiﬁcant).
treatments. This could be attributed to the ET value being lower
than the amount of irrigation water applied each year.
The IWUE values ranged from 6.23 to 12.67 kg ha−1 mm−1 and
the highest values were obtained when the SMP thresholds were
above −30 kPa in 2008, −40 kPa in 2009 and −50 kPa in 2010. In
general, our results were different from those of previous stud-
ies conducted in different regions. Dag˘delen et al. (2009) and
Ünlü et al. (2011) reported that the IWUE of cotton in Turkey
under drip irrigation was 14.4 and 33.1 kg ha−1 mm−1, respectively.
Ibragimov et al. (2007) found that the IWUE was between 6.2 and
11.2 kg ha−1 mm−1 in Uzbekistan, which was similar to the values
observed in this experiment. The similarity of the two results may
have been due to the vicinity of the regions. Polynomial relation-
ships between the SMP  threshold and IWUE were found in 2008
(Fig. 7), whereas logarithmic relationships were observed in 2009
and 2010 (Figs. 8 and 9).
Similar to the IWUE values, the maximum WUE  values were
both achieved when the SMP  threshold was  above −50 kPa in 2009
and 2010. Yazar et al. (2002) reported that cotton WUE  under
drip irrigation was  19.5 kg ha−1 mm−1 in Turkey while Aujla et al.
(2005) determined that the cotton WUE  in India ranged from
14.6 kg ha−1 mm−1 to 22.7 kg ha−1 mm−1. In this study, the WUE
values varied from 8.1 kg ha−1 mm−1 to 11.3 kg ha−1 mm−1. These
ﬁndings reveal a large variation between regions. It should be
noted that in both years the WUE  values in S1 treatment (−10 kPa)
were low because the cotton had excessive vegetative growth
(Table 6) due to the large amount of water applied resulting in
slowed reproductive development, which is in agreement with the
results of previous studies (Ibragimov et al., 2007; Ünlü et al., 2011).
Additionally, there were logarithmic relationships between SMP
threshold and WUE  in 2009 and 2010 (Fig. 8), which is similar to
the relationship between SMP  and IWUE.
3.4. Cotton growth parameters
As shown in Table 6, the ﬁnal emergence percentage on the thin-
ning day in 2008 was  relatively low (below 50%), despite there being
signiﬁcant differences among the ﬁve treatments. The low emer-
gence rate in the ﬁrst year may  have contributed to the original
high salt content in the soil since the emergence and crop establish-
ment are most sensitive to salinity (Dong et al., 2009). In this study
area, which has saline groundwater with a depth of 3.0 m,  salts are
prone to accumulation in the surface during late winter and early
spring, when no irrigation water is applied. This can undoubtedly
have adverse effects on cotton germination in the following year.
The ﬁnal emergence percentages in 2009 were enhanced by 11% to
51% when compared with those in the former year of each treat-
ment, and there were signiﬁcant differences among treatments.
The highest emergence rate in 2009 was  achieved in the S1 treat-
ment group, and the value was equal to the highest emergence rate
obtained by local farmers in the area. Since soil salt was  leached to
the deep soil layer during the irrigation season in 2008 and 2009,
the emergence percentage of each treatment was much greater in
2010 than in 2009. Signiﬁcant differences were observed among
the ﬁve treatments in 2010 and the highest emergence percentages
were achieved when the soil matric potential was  controlled above
−10 kPa. Overall, the emergence rate increased steadily during the
ﬁrst three years under our drip irrigation schedule in this area.
As reported by many researchers, deﬁcient irrigation practices
can cause a signiﬁcant decline in cotton vegetative growth param-
eters (Ibragimov et al., 2007; Dag˘delen et al., 2009; Ünlü et al.,
2011) while excessive irrigation can cause an increase in vegetative
growth and a decrease in yield (Guinn et al., 1981; Ertek and Kanber,
2003; Karam et al., 2006). The rules were also observed in the
present study. As presented in Table 5, the vegetative parameters
of plant height, leaf area index (LAI), stem diameter and biomass
Author's personal copy
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Table 6
Cotton growth characteristics for different SMP  thresholds in 2008, 2009 and 2010.
Years Treatments Emergence
rate (%)
Plant
height (cm)
LAI Stem diameter
(cm)
Fresh weight
per plant (g)
Dry weight per
plant (g)
Boll number
per plant
Boll weight
(gram per boll)
2008 S1 (−10 kPa) 38.1b - - - - - - -
S2  (−20 kPa) 38.7b - - - - - - -
S3  (−30 kPa) 47.7ab - - - - - - -
S4  (−40 kPa) 44.3ab - - - - - - -
S5  (−50 kPa) 45.5a - - - - - - -
2009 S1  (−10 kPa) 63.1a 62.3b 5.1a 1.3a 106.8a 53.6a 10.1a 4.5abc
S2 (−20 kPa) 56.0b 67.2a 4.7ab 1.2b 106.1a 47.4a 10.0a 5.2a
S3 (−30 kPa) 52.9c 68.8a 4.2ab 1.2ab 95.2a 50.7a 9.3a 4.2bc
S4 (−40 kPa) 53.3c 56.5c 3.8b 1.2bc 97.3a 46.5a 10.2a 3.9c
S5 (−50 kPa) 51.4c 54.8c 4.4ab 1.1c 80.9a 44.3a 10.8a 4.9ab
2010 S1 (−10 kPa) 79.6a 59.2a 7.7a 1.3a 152.9b 49.1b 10.5a 4.1ab
S2 (−20 kPa) 70.4b 54.2ab 5.5b 1.3ab 194.6a 61.6a 10.0a 4.7a
S3 (−30 kPa) 76.4ab 43.8c 5.2b 1.2ab 73.5c 33.1c 9.0ab 3.6b
S4 (−40 kPa) 76.1ab 50.7b 5.0b 1.1bc 77.1c 28.6c 7.5b 3.5b
S5 (−50 kPa) 76.0ab 41.7c 3.8c 1.0c 57.6c 27.5c 7.0b 3.4b
Values in a row followed by the same letter are not signiﬁcantly different at P ≤ 0.05.
were signiﬁcantly affected by the SMP  threshold in 2009 and 2010.
In addition, the maximum value of vegetative characteristics was
achieved in the S1 (−10 kPa) or S2 (−20 kPa) treatments, where
greater amounts of water were applied than in other treatments.
The vegetative parameters declined with the decreasing SMP
threshold in both years, whereas the reproductive parameters did
not follow the same trend. The maximum boll weight was achieved
when the SMP  threshold was greater than −20 kPa in both years
and there were signiﬁcant differences among treatments.
4. Conclusions
The results of the present investigation revealed that the cot-
ton ETc decreased with the decreasing SMP  threshold in 2009 and
2010, and the maximum value of ETc was lower than those obtained
by previous researchers due to differences in climate and agricul-
tural practices. The amount of deep percolation and the ratio of
deep percolation with irrigation water decreased with the decreas-
ing SMP  thresholds in 2009 and 2010. Irrigation schedule of this
study did not cause any salt accumulation of the surface soil layer
in the area with saline underground water. The most effective irri-
gation schedule in salt leaching obtained when the SMP  threshold
was above −10 kPa. The ﬁnal emergence rate of cotton increased
steadily during these 3 years and could reach to greater than 70%
after 3 years of cultivation. Both the vegetative and reproductive
growth indices of cotton were signiﬁcantly inﬂuenced by the SMP
threshold, whereas the variation trends with SMP  thresholds of
these two growth indices were different. The highest seed cot-
ton yield was obtained when the SMP  threshold controlled above
−30 kPa in 2008, while it was obtained above −20 kPa in 2009 and
2010. Furthermore, there was sustainable yield growth during the
3-year experiment under our irrigation schedule. The water use
efﬁciency and irrigation water efﬁciency (WUE and IWUE) under
S1 (−10 kPa) treatment were lower than those under the other
irrigation treatments.
In view of the impact of irrigation on the groundwater table and
the seed cotton yield, controlling the SMP  at 20 cm immediately
under the emitter at greater than −20 kPa can be used as an indi-
cator for cotton drip irrigation scheduling and agronomic practices
in this area.
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